Research in contextEvidence before this studyWe have shown that the transcription factor Bach1 suppressed angiogenesis after ischemic injury by impeding Wnt/β-catenin signaling. Bach1 functions as a competitive inhibitor of β-catenin/TCF4 binding, recruits HDAC1 to the promoter of TCF4-targeted genes. However, the specific domains and residues responsible for the anti-angiogenic effects of Bach1 had yet to be identified.Added value of this studyWe found that Bach1 gene was upregulated in human acute myocardial infarction (AMI) patients in samples enriched for circulating endothelial cells and ischemic myocardium of AMI mouse. Lacking of the BTB domain, Bach1 did not impede angiogenesis in ischemic hind limbs of mice and in vivo Matrigel plug, and failed to reduce proliferation, migration, and tube formation in human endothelial cells. Mechanically, Bach1 bound directly with TCF4, and this interaction was mediated by residues 81--89 of the Bach1 BTB domain. The BTB domain was essential for the Bach1-induced blockade of Wnt-targeted promoter activity and VEGF gene expression, for the binding of Bach1 to TCF4 and HDAC1, and for HDAC activation. The Bach1 BTB domain was also responsible for the Bach1-induced oxidative stress response.Implications of all the available evidenceOur study suggests that the anti-angiogenic activity of Bach1 is crucially dependent on molecular interactions that are mediated by the protein\'s BTB domain. Peptides or small molecules that target the Bach1 BTB domain may improve recovery from ischemic injury or disease.Alt-text: Unlabelled box

1. Introduction {#sec0005}
===============

Angiogenesis is essential for prolonging survival of the injured myocardium or muscles following myocardial or peripheral ischemia. Recently, it has been reported that new cardiac blood vessels are formed from pre-existing endothelial cells (EC) \[[@bib0001],[@bib0002]\]. Therefore, the cellular mechanisms that promote the regenerative capacity of endogenous EC for enhancing angiogenesis need to be resolved. BTB and CNC homology 1 (Bach1) is a member of the basic region leucine zipper (bZip) family of transcription factors. Bach1 is widely expressed in mammalian tissues, where it functions as a crucial regulator of the cell cycle and differentiation, as well as the oxidative-stress response and heme homeostasis [@bib0003]. We have shown that Bach1 impairs angiogenesis in both developing zebrafish [@bib0004] and the ischemic hindlimbs of mice [@bib0005], and that Bach1 exert an anti-angiogenic effect, at least in part, via the repression of Wnt/β-catenin signaling. In the canonical Wnt-signaling pathway, β-catenin responds to Wnt stimulation through translocating from the cytoplasm into the nucleus, where β-catenin can form a complex with transcription factor 4 (TCF4) to active gene expression [@bib0006]; however, Bach1 competitively inhibits β-catenin/TCF4 binding and recruits histone deacetylase (HDAC) 1 to the promoter of TCF4-targeted genes, which suppresses the expression of angiogenic factors including vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8). Wnt/β-catenin signaling also promotes the angiogenic activity of endothelial cells [@bib0007], including the proliferation and migration of vascular endothelial cells after myocardial infarction [@bib0008]. Thus, a more thorough understanding of the mechanisms by which Bach1 inhibits of Wnt/β-catenin signaling could lead to the development of novel treatments for promoting angiogenesis in ischemic disease.

The bZip domain of Bach1 is located near the protein\'s C terminus, and the N-terminal region contains the BTB domain. The bZip domain binds DNA [@bib0009], while the BTB domain, which has been identified in as many as 40 mammalian transcription factors, interacts with other molecules that regulate gene expression \[[@bib0010],[@bib0011]\]; thus, the experiments described in this report were designed to test our hypothesis that the anti-angiogenic activity of Bach1 is mediated by the BTB domain, and to more fully characterize how interactions among Bach1, TCF4, and HDAC1 regulate Wnt/β-catenin signaling.

2. Materials and methods {#sec0006}
========================

2.1. Reagents {#sec0007}
-------------

Trichostatin A (TSA, T1952), Drabkin\'s reagent (D5941), and an antibody against Flag (F1804) were purchased from Sigma-Aldrich (St. Louis, MO). Human vascular endothelial growth factor (VEGF165, 100--20) was purchased from PeproTech Inc. (Rocky Hill, NJ). Dihydroethidium (DHE, D1168) was obtained from Invitrogen (Carlsbad, CA). Antibodies against Bach1 (Santa Cruz \#sc-271211, RRID:AB_10608972), NQO1 antibody (Santa Cruz \#sc-32793, RRID:AB\_ 628036), normal mouse IgG (sc-2025, RRID:AB_737182), normal rabbit IgG (sc-66931, RRID:AB_1125055), normal goat IgG (sc-2028, RRID:AB_737167), β-actin (sc-47778, RRID:AB_626632), HA (sc-7392, RRID:AB_627809) and Protein A/G PLUS-Agarose (sc-2003, RRID:AB_10201400) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody against CD31 (ab28364, RRID:AB_726362) was purchased from Abcam (Cambridge, MA). GST antibody (\#66001, RRID:AB_10951482), GFP-tag antibody (Proteintech \#50430--2-AP, RRID:AB_11042881) and HO-1 antibody (Proteintech \#10701--1-AP, RRID:AB_2118685) was purchased from Proteintech (Rosemont, IL).

2.2. Isolation and culture of human umbilical vein endothelial cells (HUVECS) {#sec0008}
-----------------------------------------------------------------------------

HUVECS were isolated [@bib0012] from the fresh umbilical cord of normal parturients with informed consent. The procedure was approved by the Ethics Committee of Experimental Research at Fudan University Shanghai Medical College. HUVECS were identified by the morphology, expression of CD31, and uptake of acetyl-LDL; HUVECS were passaged one to six times before use, and cultured at 37 °C with 5% CO2 in endothelial cell medium (Sciencell, Carlsbad, CA) supplemented with 5% fetal bovine serum, endothelial cell growth supplement (Sciencell, Carlsbad, CA).

2.3. Viral transfection {#sec0009}
-----------------------

Recombinant adenoviruses encoding GFP (AdGFP), human Bach1 (AdBach1), or a mutated version of human Bach1 that lacked the BTB domain (AdBach1-ΔBTB) were purchased from GenePharma (Shanghai, China); the AdBach1 and AdBach1-ΔBTB vectors also coded for GFP expression. HUVECS were transfected at a multiplicity of infection (MOI) of 25, and transfection was verified via the presence of GFP expression. No evidence of cellular toxicity was detected.

2.4. Murine hind limb ischemia (HLI) model {#sec0010}
------------------------------------------

All experimental protocols were approved by the Ethics Committee of Experimental Research at Fudan University Shanghai Medical College and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication No 85--23). Hindlimb ischemia (HLI) was conducted in 8-week-old male C57BL/6 mice as described previously. The mice were anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg), the proximal femoral artery and the distal saphenous artery was ligated and removed in one hindlimb; sham surgery was performed in the contralateral hindlimb of each mouse. Mice in the NS group were treated with normal saline (40 μL), and mice in the AdGFP, AdBach1, and AdBach1-ΔBTB groups were treated with the corresponding adenoviruses (total dose: 2 × 10^8^ plaque-forming units); treatments were administered to three sites in the grastrocnemius muscle and three sites in the adductor muscle. The recovery of blood flow in the ligated limbs of mice was performed with a laser Doppler perfusion imaging (LDPI) (Moor Instruments) system. Perfusion was expressed as the ratio of measurements in the ligated and non-ligated (sham-operated) contralateral limb.

2.5. In-vivo matrigel plug assay {#sec0011}
--------------------------------

The in-vivo Matrigel plug assay was conducted as described previously [@bib0013] with modifications. Cells were suspended in 100 μL phosphate-buffered saline (PBS) and mixed with VEGF (100 ng/mL) in 400 μL Matrigel; then, the cell-Matrigel mixture was injected subcutaneously along the abdominal midline of six-week-old female BALB/c nude mice. Seven days later, the Matrigel plugs were collected, photographed, embedded, sectioned, and stained with fluorescent anti-CD31 antibodies. Capillary density was calculated by counting CD31-expressing vascular structures in a blinded fashion on five sections per plug (two fields per section) under a fluorescent microscope. For hemoglobin analysis, the excised Matrigel plugs were homogenized in 100 μL phosphate-buffered saline (PBS) and centrifuged; then, the supernatant was collected and hemoglobin content was measured via the Drabkin assay with a standard curve determined from stock solutions containing known quantities of hemoglobin. Hemoglobin content (mg) was normalized to the weight of the plug (g).

2.6. Construction of vectors {#sec0012}
----------------------------

Human Bach1, TCF-4, and HDAC1 genes were generated and cloned into pcDNA3.1 as described previously [@bib0005]. Mutants of Flag-tagged versions of the Bach1-ΔBTB sequence, or mutant versions of the sequence lacking portions of the BTB domain were amplified from the full-length cDNA of human Bach1 with appropriate sets of primers. MAREs reporter containing three MAREs elements (GCTGACTCAT) were amplified and cloned into the luciferase vector pGL3-basic. Glutathione S-transferase (GST)-TCF4 full, GST-TCF4-N terminal, GST-TCF4-C terminal, or GST-TCF4 lacking both N terminal and C terminal (TCF4-M) fusion protein was constructed by inserting PCR-generated DNA fragments into PGEX-6P-1 vector. Mutants of HA-tagged versions of the sequence lacking N terminal or C terminal of HDAC1 were amplified from the full-length cDNA of human HDAC1 with appropriate sets of primers. The TOPflash and FOPflash reporter vector were purchased from Millipore (Billerica, MA). A 2.65 kb human VEGF gene promoter in pGL3-basic luciferase reporter was kindly provided by Dr. Fang (Chinese Academy of Sciences, China). All constructs were verified by sequencing.

2.7. Luciferase assay {#sec0013}
---------------------

Cells were transfected with a β-galactosidase plasmid and the pGL3 luciferase reporter or VEGF reporter or MAREs reporter, or FOPflash or TOPflash reporter; transfection was performed with Lipofectamine 2000. Luciferase activity was measured with a luciferase assay kit (Promega, Madison, WI) and expressed as the ratio of VEGF or MAREs reporter/pGL3-basic or TOPflash/FOPflash. Each experiment was conducted three times.

2.8. Quantitative real-time reverse transcription-polymerase chain reaction {#sec0014}
---------------------------------------------------------------------------

The expression level of VEGF gene was analyzed by real-time reverse transcription-polymerase chain reaction (RT-PCR) as described previously [@bib0014]. Total RNA was extracted using the TRIzol reagent and cDNA was synthesized. Real-time quantitative PCR was carried out using the qPCR SYBR® Green Master Mix (Yeason, Shanghai, China \#11201ES03). Primers are shown in Online Table I. All samples were analyzed using a Bio-Rad real-time analyzer (Bio-Rad Laboratories, Hercules, CA). Each experiment was repeated three independent times.

2.9. Immunoblotting and immunoprecipitation {#sec0015}
-------------------------------------------

Immunoblotting and Immunoprecipitation were performed as described previously [@bib0005]. Briefly, cells or tissue homogenates were lysed with SDS sample buffer on ice. Samples were heated and subjected for 10 min to centrifugation at 10,000 g. SDS-PAGE was performed and proteins were detected using their respective antibodies. Chemiluminescence was detected on a Tanon-5500 Imaging System (Tanon Science & Technology Ltd, Shanghai, China). The intensity of the bands was measured via densitometric analysis with ImageJ software, and normalized to the control. For immunoprecipitation, 1 mg of total protein was incubated with the 5 μg antibody at 4 °C overnight and then with Protein A/G PLUS-Agarose (Santa Cruz, Santa Cruz, CA) at 4 °C for an additional 4 h; then, the precipitates were washed with RIPA and PBS, resuspended in SDS loading buffer, and immunoblotting was performed via standard protocols. For the in-vitro binding experiment, GST-fused proteins were expressed in Escherichia coli and purified by glutathione-Sepharose 4B beads. The proteins were incubated with glutathione-Sepharose 4B beads for four hours at 4 °C. The beads were washed and incubated with target proteins for 12 h at 4 °C. The beads were washed and resuspended in SDS loading buffer. SDS-PAGE was performed and proteins were detected using their respective antibodies. Each experiment was repeated three independent times. Each experiment was repeated three independent times.

2.10. In vitro pull-down assay {#sec0016}
------------------------------

The GST-tagged Bach1 and GST-tagged TCF4 recombinant proteins were expressed and purified with glutathione-Sepharose 4B beads. Purified GST-tagged recombinant proteins Bach1 or TCF4 were then incubated with target proteins for 12 h at 4 °C followed by three times of wash. Conjugated proteins were then eluted by SDS loading buffer, and examined by western blot analysis.

2.11. Cell proliferation {#sec0017}
------------------------

Proliferation was measured by using a counting chamber to determine the number of cells present after 0, 24, 48, and 72 h of culture. Each experiment was conducted three times.

2.12. Cell migration {#sec0018}
--------------------

HUVECS (3 × 10^5^ cells/ml) were plated onto 8-μm-pore Transwell filters in a 12-well plate according to the manufacturer\'s instructions (Corning, New York, NY) [@bib0015]. The number of cells migrating over ten hours was determined using the 0.1% crystal violet staining. Results were compiled as the mean of five randomly fields containing at least two platings. Each experiment was conducted three times.

2.13. Tube formation assay {#sec0019}
--------------------------

Cells were seeded into 48-well plates (2 × 10^4^ cells/well) that had been coated with 250 μL growth factor-reduced Matrigel. Twelve hours later, the cells were viewed under an inverted phase-contrast microscope, and tube formation was quantified as the total summed length of all tubes in five randomly selected fields per well. Analyses were performed with ImageJ software, and each experiment was conducted three times.

2.14. Immunofluorescence {#sec0020}
------------------------

Paraffin-embedded sections were deparaffinized, rehydrated, and analyzed via immunofluorescence. Briefly, the sections were incubated with rabbit anti-CD31 antibody in blocking solution overnight and then with Cy3-conjugated donkey anti-rabbit IgG secondary antibodies. Nuclei were counter-stained with DAPI, and the sections were examined under a fluorescence microscope.

2.15. HDAC activity assay {#sec0021}
-------------------------

HDAC activity was measured with an HDAC activity assay kit (Millipore, Billerica, MA). Nuclear extracts (15 μg) were incubated with the HDAC assay substrate at 37 °C for 45 min; then, diluted activator reagent was added, samples were incubated at 37 °C for another 20 min, and fluorescence was measured with a microplate recorder (excitation: 390 nm, emission: 460 nm). Procedures were conducted and standard curves were calculated as directed by the manufacturer\'s protocol.

2.16. Statistical analysis {#sec0022}
--------------------------

Data are expressed as mean ± SEM. Differences among three or more groups were evaluated for significance via one-way analysis of variance (ANOVA) and the Tukey post-hoc test. Analyses were conducted with Prism software, and a *p*-value of less than 0.05 was considered significant.

3. Results {#sec0023}
==========

3.1. Bach1 is highly expressed in circulating endothelial cells from acute myocardial infarction patients {#sec0024}
---------------------------------------------------------------------------------------------------------

We have shown that Bach1 expression was upregulated in the endothelial cells exposed to hypoxia and in the ischemic hindlimb muscles of mice [@bib0005]. To determine whether the Bach1 expression is related to human ischemic diseases, we analyzed the published microarray data of circulating endothelial cells (CECs) from healthy control volunteers (*n* = 22) and acute myocardial infarction (AMI) patients (*n* = 21) [@bib0016]. The expression of Bach1 in CECs was higher in AMI patients than healthy controls ([Fig. 1](#fig0001){ref-type="fig"}a), and a 3.5-fold increase in Bach1 expression was observed in AMI compared with controls ([Fig. 1](#fig0001){ref-type="fig"}b). The publicly available microarray data analyses in AMI mice also indicated that mRNA levels of Bach1 in ischemic/infarcted zone of the left ventricular myocardium were upregulated during the first 48 h following occlusion of the coronary artery ([Fig. 1](#fig0001){ref-type="fig"}c) [@bib0017].Fig. 1Bach1 is highly expressed in circulating endothelial cells from acute myocardial infarction patients and ischemic myocardium of mice. (**a**) Heat map for the Bach1 gene in the microarray of gene expression analysis of enriched CECs from healthy controls (*n* = 22) and AMI patients (*n* = 21), expression levels were represented from low (blue) to high (red). (**b**) Analysis of the relative Bach1 gene expression from microarray in AMI (*n* = 21) and controls (*n* = 22), normalized with controls. (**c**) Temporal expression profiles for the Bach1 gene expressed in ischemic/infarcted zone of the left ventricular myocardium in mice at the indicated time points (0, 0.25, 1, 4, 12, 24, and 48 h post-occlusion), results were normalized to the control at 0 h.Fig 1

3.2. The BTB domain of Bach1 is required for the anti-angiogenic activity of Bach1 in the ischemic hind limbs of mice {#sec0025}
---------------------------------------------------------------------------------------------------------------------

Bach1 was shown to impair ischemia-induced angiogenesis [@bib0005]. To determine whether the anti-angiogenic effect of Bach1 during recovery from peripheral ischemic injury is mediated by the BTB domain, hind-limb ischemia (HLI) was surgically induced in C57BL/6 J mice, and the injured limbs were treated with saline (the NS group) or with adenoviruses coding for GFP (the AdGFP group), for Bach1 (the AdBach1 group), or for a mutated version of Bach1 that lacked the BTB domain (the AdBach1-ΔBTB group). Seven and 14 days later, the ratios of perfusion measurements in the ischemic and non-ischemic hind limbs of NS, AdGFP, and AdBach1-ΔBTB animals were similar and significantly greater than the ratio in AdBach1 animals ([Fig. 2](#fig0002){ref-type="fig"}a). Treatment with AdBach1, but not AdBach1-ΔBTB, also significantly reduced measures of capillary density ([Fig. 2](#fig0002){ref-type="fig"}b), the expression of VEGF-A ([Fig. 2](#fig0002){ref-type="fig"}c) and heme oxygenase-1 (HO-1) (Supplemental Fig. 1a) and increased ROS levels ([Fig. 2](#fig0002){ref-type="fig"}d) in the injured limbs of mice, and differences among the NS, AdGFP, and AdBach1-ΔBTB groups were not significant. Evaluations of GFP fluorescence indicated that the vectors were expressed in ischemic hindlimb muscles (Supplemental Fig. 1a).Fig. 2The BTB domain of Bach1 is required for the Bach1-induced suppression of angiogenesis in a murine model of hind-limb ischemia (HLI). HLI was surgically induced in 8-week-old C57BL/6 J mice; then, the injured limbs were injected with normal saline (the NS group) or with adenoviruses coding for GFP (the AdGFP group), Bach1 (the AdBach1 group), or a Bach1 mutant that lacked the BTB domain (the AdBach1-ΔBTB group). (**a**) Blood flow was measured in the ischemic (HLI) and nonischemic (non-HLI) limbs 0, 7, and 14 days after HLI induction via laser Doppler imaging and then quantified as the ratio of measurements in the injured and uninjured limbs for each animal (*n* = 6, \*\**P* \< 0.01  AdBach1 vs. AdGFP, \#\#*P* \< 0.01  AdBach1 vs. AdBach1-ΔBTB, one-way analysis of variance). (**b**) Fourteen days after HLI induction, sections from the injured limbs were immunofluorescently stained for expression of the endothelial cell marker CD31; scale bar, 50 μm. Capillary density was quantified as the number of CD31^+^ vessels per mm^2^ (*n* = 6, \*\**P* \< 0.01, one-way analysis of variance). (**c**) VEGF-A mRNA levels were quantified via real-time PCR in thigh adductor and gastrocnemius muscles harvested from the ischemic and nonischemic limbs of mice 14 days after HLI induction (*n* = 6, \*\**P* \< 0.01, one-way analysis of variance). **(d)** ROS production in ischemic muscle tissue on day 14 was determined by an in situ detection of dihydroethedium (DHE) fluorescence (*n* = 4, \**P* \< 0.05, \*\**P* \< 0.01, one-way analysis of variance). Scale bar, 20 μm.Fig 2

Our observations in the HLI model were supported by monitoring the angiogenic activity of HUVECS that had been transfected with AdGFP (AdGFP HUVECS), AdBach1 (AdBach1 HUVECS), or AdBach1-ΔBTB (AdBach1-ΔBTB HUVECS). When the cells were subcutaneously injected with VEGF and Matrigel into BALB/c nude mice, and the plugs were harvested 7 days later ([Fig. 3](#fig0003){ref-type="fig"}a), measures of capillary density ([Fig. 3](#fig0003){ref-type="fig"}B-C) and hemoglobin content ([Fig. 3](#fig0003){ref-type="fig"}d) were similar in plugs formed with AdGFP or AdBach1-ΔBTB HUVECS but significantly lower in the plugs that contained AdBach1 HUVECS. Transfection with AdBach1, but not AdBach1-ΔBTB, significantly reduced proliferation ([Fig. 4](#fig0004){ref-type="fig"}a), migration ([Fig. 4](#fig0004){ref-type="fig"}b), and tube formation ([Fig. 4](#fig0004){ref-type="fig"}c) in cultured HUVECS. When Wnt signaling was stimulated by culturing the cells in Wnt3a, assessments of tube formation, cell migration, and proliferation were significantly lower in AdBach1-HUVECS than AdBach1-ΔBTB-HUVECS ([Fig. 4](#fig0004){ref-type="fig"}a--c). Treatment with AdBach1, but not AdBach1-ΔBTB, also significantly increased intracellular ROS levels ([Fig. 4](#fig0004){ref-type="fig"}d) and induced cell apoptosis (Supplemental Fig. 1b), and decreased the expression of antioxidant genes such as HO-1 and NAD(P)H quinone oxidoreductase 1 (NQO1) ([Fig. 4](#fig0004){ref-type="fig"}e) in cultured HUVECS. Collectively these observations indicate that the BTB domain of Bach1 is essential for the Bach1-mediated suppression of both blood-vessel growths in ischemic limbs and angiogenic activity in endothelial cells.Fig. 3The BTB domain of Bach1 is required for the Bach1-induced suppression of angiogenesis in implanted, endothelial-cell--containing Matrigel plugs. Human umbilical vein endothelial cells (HUVECs) were transfected with AdGFP, AdBach1, or AdBach1-ΔBTB and mixed with VEGF (100 ng/mL) and Matrigel; then, the mixture was subcutaneously injected into nude mice. Seven days later, (**a**) the Matrigel plugs were explanted (bar = 2 mm), fixed, sectioned, and (**b**) immunofluorescently stained for CD31 expression (bar = 200 μm). (**c**) Capillary density was quantified as the number of CD31^+^ vessels per mm^2^ (*n* = 6, \*\**P* \< 0.01, one-way analysis of variance). (**d**) Perfusion of the explanted plugs was quantified via measurements of hemoglobin content (*n* = 6, \*\**P* \< 0.01, one-way analysis of variance).Fig 3Fig. 4The Bach1-induced suppression of angiogenic activity in cultured endothelial cells is mediated by the BTB domain. HUVECs were transfected with AdGFP, AdBach1, or AdBach1-ΔBTB and incubated with or without Wnt3a. (**a**) Transfected HUVECs were cultured for 72 h, and proliferation was evaluated by using a cell-counting chamber to determine the number of cells (*n* = 3, \*\**P* \< 0.01, one-way analysis of variance). (**b**) Transfected HUVECs were seeded over transwell culture-plate inserts and cultured for 8 h; then, migration was quantified by counting the cells that were present on the lower side of the membrane (*n* = 3, \*\**P* \< 0.01, one-way analysis of variance). (**c**) HUVECs were seeded into plates that had been coated with growth-factor reduced Matrigel. Twelve hours later, tube formation was quantified by viewing the cells with an inverted phase-contrast microscope and measuring the cumulative length of all tubes in each group; results were normalized to measurements in the AdGFP-transfected cells (*n* = 3, \**P* \< 0.05, \*\**P* \< 0.01, one-way analysis of variance). **(d)** ROS production was determined by the detection of dihydroethedium (DHE) fluorescence in transfected HUVECs. Fluorescent levels were expressed as percent increase over the AdGFP group (*n* = 4, \**P* \< 0.05, \*\**P* \< 0.01, one-way analysis of variance). **(e)** HO-1 and NQO-1 protein levels in AdGFP, AdBach1, and AdBach1-ΔBTB HUVECs were measured via Western blot.Fig 4

3.3. The BTB domain of Bach1 is required for the Bach1-induced inhibition of Wnt/β-catenin signaling and Bach1-TCF4 binding {#sec0026}
---------------------------------------------------------------------------------------------------------------------------

Both physiological and pathological angiogenesis, as well as the proliferation and migration of endothelial cells, are regulated in part by Wnt/β-catenin signaling [@bib0007]. Thus, since the results from our earlier publications indicate that Bach1 represses Wnt/β-catenin signaling by interacting with TCF4 and recruiting HDAC1 to the promoter of TCF4-targeted genes [@bib0005], we used a Wnt/β-catenin--specific reporter plasmid (TOPflash, which contains a luciferase reporter under the control of four copies of the TCF/LEF-binding element) to investigate whether the role of the BTB domain in the Bach1-induced suppression of angiogenic activity in HUVECS was mediated by Wnt/β-catenin signaling. After transfection with the TOPflash reporter, luciferase activity was significantly lower in AdBach1 HUVECS, but not AdBach1-ΔBTB HUVECS, than in AdGFP HUVECS under both normal culture conditions and when Wnt signaling was stimulated via treatment with Wnt3a ([Fig. 5](#fig0005){ref-type="fig"}a). Furthermore, the mRNA levels of VEGF-A ([Fig. 5](#fig0005){ref-type="fig"}b), which is a downstream target of Wnt signaling, as well as the activity of a luciferase reporter containing the VEGF promoter ([Fig. 5](#fig0005){ref-type="fig"}c), were downregulated in AdBach1 HUVECS but not AdBach1-ΔBTB HUVECS. Bach1 was shown to bind to Maf recognition elements (MAREs) in the gene promoters [@bib0018]. We then determined whether Bach1′s BTB domain could affect MAREs-dependent reporter activity. MAREs luciferase activity was significantly lower in AdBach1-HUVECS, but not AdBach1-ΔBTB-HUVECS under both normal conditions and Wnt3a treatment ([Fig. 5](#fig0005){ref-type="fig"}d).Fig. 5The BTB domain of Bach1 is required for the Bach1-induced suppression of Wnt/β-catenin signaling and Bach1-TCF4 binding. (**a**) AdGFP, AdBach1, and AdBach1-ΔBTB HUVECs were transfected with a TOPflash or FOPflash reporter, and luciferase activity was quantified in the presence (+) and absence (--) of Wnt3a (200 ng/mL) stimulation; results were normalized to measurements in AdGFP-transfected cells cultured without Wnt3a (*n* = 3, \**P* \< 0.05, \*\**P* \< 0.01, one-way analysis of variance). (**b**) VEGF-A mRNA levels in AdGFP, AdBach1, and AdBach1-ΔBTB HUVECs were measured via real-time PCR and normalized to measurements in AdGFP-transfected cells (*n* = 3, \*\**P* \< 0.01, one-way analysis of variance). (**c**) AdGFP, AdBach1, and AdBach1-ΔBTB HUVECs were transfected with a reporter construct coding for luciferase production from the VEGF promoter; then, luciferase activity was quantified and normalized to measurements in AdGFP-transfected cells (*n* = 3, \**P* \< 0.05, one-way analysis of variance). (**d**) HEK293T cells that had been transfected with an empty vector or with a Bach1-Flag or Bach1-ΔBTB-Flag and MARES reporter for 24 h and incubated with or without Wnt3a for 12 h, luciferase activity was quantified and normalized to measurements in control vector-transfected cells (*n* = 3, \**P* \< 0.05, \*\**P* \< 0.01, one-way analysis of variance). **(e)** Bacterially expressed GST-tagged versions of the full Bach1 protein (Bach1-Full-GST) or with mutated versions of Bach1 that lacked either the N-terminal BTB domain or the other Bach1 deletion mutants was incubated with Flag-tagged TCF4; then, the reaction products were precipitated with glutathione-Sepharose 4B beads, and TCF4 was detected in the precipitate via Western blot with anti-Flag antibodies. (**f**) HEK293T cells were transfected with 2 vectors, one coding for TCF4-HA, and the other coding for Flag-tagged versions of the full Bach1 sequence and Bach1 sequences lacking amino acid residues 81--89 (Bach1-Δ(81--89)), the cells were lysed; then, Bach1 and Bach1-Δ(81--89) were immunoprecipitated from the lysate with an anti-Flag antibody, and TCF4 was detected in the precipitate with an anti-HA antibody. (**g**) HEK293T cells were transfected with Flag-tagged Bach1 and lysed; then, the lysate was incubated with GST or GST-tagged versions of TCF4 or the indicated TCF4-deletion mutants, the GST-bound proteins were eluted, and the presence of Bach1 was evaluated via Western blot with an anti-Flag antibody.Fig 5

We have also shown that Bach1 bound TCF4 [@bib0005], so we conducted GST-pulldown experiments and immunoprecipitation assays in HEK293T cells to determine the binding site of the Bach1-TCF4 interaction. Our results shows that TCF4 co-immunoprecipitated with both the full-length Bach1 protein and a mutant that lacked residues 1--79 of the BTB domain, but not with the Bach1-ΔBTB protein or with mutants lacking BTB-domain residues 1--89 or 81--89 ([Fig. 5](#fig0005){ref-type="fig"}e--f). Similarly, the results from pulldown assays in HEK293K cells that had been cotransfected with vectors coding for Flag-tagged Bach1 and a panel of Glutathione S-transferase (GST)-tagged TCF4 deletion mutants indicated that Bach1 co-immunoprecipitated with the full TCF4 protein and with a mutant that lacked all but the N-terminal CTNNB1 domain, but not with either of two mutants in which the CTNNB1 domain was missing ([Fig. 5](#fig0005){ref-type="fig"}g). Thus, TCF4 binds directly with Bach1, and this interaction is mediated by residues 81--89 of the Bach1 BTB domain and the N-terminal CTNNB1 domain of TCF4.

3.4. The BTB domain of Bach1 interacts with HDAC1 and is required for Bach1-induced HDAC activity {#sec0027}
-------------------------------------------------------------------------------------------------

HDAC activity was also significantly greater in AdBach1 HUVECS, but not AdBach1-ΔBTB HUVECS, than in HUVECS transfected with AdGFP ([Fig. 6](#fig0006){ref-type="fig"}a), and the decline in VEGF-luciferase reporter activity associated with Bach1 overexpression was attenuated by culturing the cells with the HDAC inhibitor Trichostatin A (TSA) ([Fig. 6](#fig0006){ref-type="fig"}b). To determine whether the Bach1-mediated recruitment of HDAC1 to TCF4-targeted genes occurs via direct interactions between HDAC1 and the Bach1 BTB domain, in vitro pull-down assays were performed. When glutathione-S-transferase--tagged Bach1 constructs containing the full Bach1 sequence (Bach1-Full-GST) or sequences lacking residues 1--89 of the BTB domain (Bach1-Δ(1--89)-GST) or the N-terminal BTB domain (Bach1-ΔBTB-GST) were incubated with HA-tagged HDAC1, HDAC1 co-precipitated with both the full-length version of Bach1 and the mutant lacking BTB residues 1--89, but not with Bach1-ΔBTB ([Fig. 6](#fig0006){ref-type="fig"}c). Furthermore, when HEK293T cells were transfected to express the full-length Flag-tagged Bach1 protein and HA-tagged versions of HDAC1 or HDAC1 deletion mutants, Bach1 co-immunoprecipitated with full-length HDAC1 and a C-terminal deletion mutant, but not with an HDAC1 mutant that lacked the N-terminal protein-interaction sequence ([Fig. 6](#fig0006){ref-type="fig"}d). Collectively, these observations demonstrate that the Bach1-induced increase in HDAC1 activity is mediated by direct interactions between HDAC1 and the BTB domain of Bach1.Fig. 6The BTB domain of Bach1 is required for Bach1-induced HDAC1 activity and mediates the Bach1-HDAC1 interaction. (**a**) HDAC activity was measured in nuclear extracts from HUVECs that had been transfected with AdGFP, AdBach1 or AdBach1-ΔBTB (*n* = 4, \*\**P* \< 0.01, one-way analysis of variance). (**b**) AdGFP and AdBach1 HUVECs were transfected with a reporter construct coding for luciferase production from the VEGF promoter and cultured in the presence or absence of the HDAC inhibitor Trichostatin A (TSA, 1 μmol/L); then, luciferase activity was quantified and normalized to measurements in AdGFP-transfected cells without TSA (*n* = 3, \**P* \< 0.05, one-way analysis of variance). (**c**) HA-tagged HDAC1 was incubated with GST-tagged versions of the full Bach1 sequence, the Bach1-ΔBTB sequence, or a Bach1 sequence lacking amino acid residues 1--89; then, the reaction products were precipitated with glutathione-Sepharose 4B beads, and HDAC1 was detected in the precipitate via Western blot with anti-HA antibodies. (**d**) HEK293T cells were transfected with 2 vectors, one coding for Flag-tagged Bach1 and the other for HA-tagged versions of the full HDAC1 sequence or the indicated HDAC1 deletion mutant; then, the cells were lysed, Bach1 was immunoprecipitated from the lysate with an anti-Flag antibody, and HDAC1 or the HDAC1 deletion mutants were detected in the precipitate with an anti-HA antibody.Fig 6

4. Discussion {#sec0028}
=============

Cellular stress (such as ischemia and proinflammatory factor) may lead to endothelial cell dysfunction and detachment during the acute phase process, and elevated numbers of circulating endothelial cells (CECs) have been implicated in the pathophysiology leading to AMI \[[@bib0016],[@bib0019],[@bib0020]\]. We found that Bach1 gene was upregulated in human AMI in samples enriched for CECs and ischemic myocardium of AMI mouse, indicating that Bach1 is the early induction gene as a pivotal regulator of early post-ischemic molecular events, and is associated with the ischemic induced injury. We have shown that Bach1 induced endothelial cell apoptosis and suppressed ischemic angiogenesis, suggesting Bach1 is a major regulator of endothelial function and angiogenesis \[[@bib0005],[@bib0021]\]. Bach1 functions as a competitive inhibitor of β-catenin/TCF4 binding, recruits HDAC1 to the promoter of TCF4-targeted genes, and prevents β-catenin from being acetylated by p300/CREB-binding protein (CBP). Collectively, these three interrelated mechanisms impede Wnt/β-catenin signaling and downregulate the expression of proteins (e.g., VEGF and IL-8) that promote angiogenic activity in human endothelial cells and vessel growth in ischemic limbs [@bib0005]; however, the specific domains and residues responsible for the anti-angiogenic effects of Bach1 had yet to be identified. Here, we show that unlike the full-length Bach1 protein, our Bach1-ΔBTB mutant, which lacks the BTB domain, does not impede angiogenesis when administered to the ischemic hind limbs of mice and fails to reduce proliferation, migration, and tube formation when overexpressed in human endothelial cells. The BTB domain was also essential for the Bach1-induced blockade of Wnt-targeted promoter activity (TCF/LEF) and gene expression (VEGF), for the binding of Bach1 to TCF4 and HDAC1, and for HDAC activation. Thus, the BTB domain appears to be directly involved in a number of molecular interactions that facilitate the anti-angiogenic activity of Bach1 [@bib0005].

Bach1 is a key factor in the regulation of oxidative stress, and acts as a molecular sensor of intracellular heme levels [@bib0022]. Recently, two companion papers demonstrate that Bach1 stabilization is essential for lung cancer metastasis by inhibiting HO-1 or glycolysis \[[@bib0023],[@bib0024]\]. We have recently demonstrated that Bach1 is an essential factor in stem cell pluripotency, self-renewal, and lineage specification in human embryonic stem cells (hESCs), and the BTB domain of Bach1 is important for the interaction with polycomb repressive complex 2 subunit EZH2 [@bib0025]. Many BTB domain-containing proteins regulate gene transcription by interacting with non-BTB proteins and manipulating chromatin structure [@bib0026]. For example, our results are consistent with previous reports that Bach2 suppresses transcription via the recruitment of class II HDACs [@bib0027], and BCL6 regulates transcription by interacting with an SMRT/SIN3A/HDAC-containing complex \[[@bib0028],[@bib0029]\]. BTB-containing proteins must form dimers or oligomers before binding the recognition sequences of target genes [@bib0030], perhaps because the isolated monomers remain unstructured [@bib0031], and the BTB domains of human and mouse Bach1 contain N-hook motifs that are essential for dimerization [@bib0032]. Furthermore, the results presented here indicate that the regions of Bach1 that mediate the Bach1-TCF4 and Bach1-HDAC1 interactions are located in a well-conserved region within the domain\'s helical core [@bib0033]: the residues involved in TCF4-Bach1 binding are located at the beginning of the α4 helix (residues 81--89), while the site of the HDAC1-Bach1 interaction extends from the end of helix α4 to the beginning of helix α6 (residues 90--126). Bach1, TCF4 and HDAC1 can form a complex to repress the TCF4-targeted genes [@bib0005]. Our findings demonstrate that Bach1 cannot bind to TCF4 and HDAC1 and had no inhibiting effect on angiogenesis after ischemic injury when lacking the BTB domain. In addition, Bach1, but not Bach1-ΔBTB, increased ROS generation and apoptosis and suppressed the expression of antioxidant genes (HO-1 and NQO1) in HUVECS, indicating that the BTB domain of Bach1 was also essential for the Bach1-induced oxidative stress response.

In summary, the results presented here show that the anti-angiogenic activity of Bach1 is crucially dependent on a number of molecular interactions that are mediated by the protein\'s BTB domain. Thus, peptides or small molecules that target the Bach1 BTB domain may improve recovery from ischemic injury or disease.
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